The deposition of proteins in the form of amyloid fibrils is the characteristic feature of more than 20 medical conditions affecting the central nervous system or a variety of peripheral tissues. These disorders, which include Alzheimer's disease, the prion diseases and type II diabetes, are of enormous importance in the context of present-day human health and welfare. Extensive research is therefore being carried out to define the molecular details of the mechanism of the pathological conversion of amyloidogenic proteins from their soluble forms into fibrillar structures. This review focuses on recent studies that demonstrate the power of using antibodies or antibody fragments to probe the process of fibril formation, and discusses the emerging potential of these species as diagnostic and therapeutic agents.
Introduction
Proteins are the major molecular components of cells and are involved in virtually every biological process taking place in living systems. In a cell, proteins are synthesised on ribosomes as linear polymers containing 20 different types of amino acids linked together in a specific order by covalent peptide bonds to form a polypeptide chain. Although most proteins need to fold into unique, compact three dimensional structures (generally referred to as their native states) to acquire their functionality, unfolded or partially folded states of proteins are important in events such as translocation across membranes and trafficking to specific cellular locations [1] . Moreover, in recent years, increasing numbers of proteins have been found to be intrinsically unstructured [2] . These proteins, that have little or no secondary or tertiary structure under physiological conditions in the absence of their natural ligands or partners, appear to be important in the regulation of a number of key cellular processes [2] . For the large majority of protein molecules, however, efficient and accurate folding is crucial for maintaining their proper functions in all cellular processes. Nature has, therefore, developed a series of strategies to ensure that proteins fold, and remain properly folded, where and when they are required. These strategies include the evolution of specific polypeptide sequences, the involvement of folding catalysts and molecular chaperones, and the development of sophisticated quality control mechanisms [3] [4] [5] .
Under some circumstances, however, despite these safeguards, proteins can fail to achieve their functional structures with consequences that can be extremely serious, including the onset of pathological and often fatal disorders. Some of these disorders, which include cystic fibrosis and emphysema among others, result from proteins folding incorrectly and thus not being able to reach their appropriate destination or exercise their proper function(s) [6] . In other cases, proteins with a high propensity to misfold escape all the above Abbreviations: Ab, beta-amyloid peptide; ADDLs, Ab-derived diffusible ligands; AFM, atomic force microscopy; BSE, bovine spongiform encephalopathy; cAb-HuL6, a camel antibody fragment raised against wild type human lysozyme; FTIR, Fourier transform infrared; IAPP, islet amyloid peptide; NMR, nuclear magnetic resonance; PrP, the prion protein, PrP C , the normal cellular form of the prion protein; PrP Sc , the pathogenic scrapie form of the prion protein; TEM, transmission electron microscopy; TTR, transthyretin; vCJD, variant Creutzfeldt-Jakob disease; V H H, the variable region of a camelid heavy-chain antibody.mentioned protective mechanisms and assemble into large aggregates that can be highly organised and be extremely stable. Amyloidoses, in which proteins assemble into amyloid fibrils (Textbox 1), belong to this latter family of disorders that are associated with polypeptide aggregation. The list of diseases found to be associated with amyloid deposition keeps growing. More than 20 different human amyloid disorders are known so far, and include Alzheimer's disease, the spongiform encephalopathies and type II diabetes [7, 8] .
In each of these pathological conditions, a specific protein or protein fragment (for example, the Ab-peptide in Alzheimer's disease, the prion peptide in the spongiform encephalopathies or the islet amyloid polypeptide in type II diabetes) converts from its normal soluble state into insoluble amyloid fibrils which accumulate in a variety of organs and tissues (for recent reviews see [7, 9] ). These diseases that can be sporadic, inherited or even transmissible, are often hard to diagnose and are in most cases incurable, frequently leading to premature death. They are often manifest late in life and inflict enormous psycho-sociological and economic burdens in western societies [10] . In 2000, for example, there were 4.5 million persons with Alzheimer's disease in the US population, and by 2050 this number could increase by almost threefold to 13.2 million [11] . Extensive research is therefore being carried out to tackle the prevention and treatment of these diseases. To achieve this aim, it is crucial to understand the mechanism and molecular details of the pathological conversion of amyloidogenic proteins into fibrillar structures.
The generic nature of the amyloid structure
Until very recently it was thought that only a small number of polypeptide chains associated with clinical disorders were able to form amyloid fibrils. A number of recent studies has, however, shown that proteins unrelated to diseases, under suitable conditions, can form aggregates in vitro with structural and cytotoxic properties that closely resemble those of the amyloid fibrils that are formed in diseased tissues [12] [13] [14] [15] . These observations have led to the hypothesis that the ability to form amyloid structures is a generic property of proteins resulting from stable interactions primarily involving the main chain that is common to all polypeptides [5, 16] . Despite the variations in amino acid sequences and native folds when proteins form amyloid fibrils, they all adopt the cross-b-sheet structure that is the hallmark of these structures [17] . It is therefore evident that major conformational rearrangements are usually required for the formation of amyloid structures. Our current understanding of the events leading to the transformation of a soluble protein into insoluble amyloid fibrils is illustrated in Fig. 1 . According to this picture, the conversion process can be schematically divided into two steps. The first consists of a conformational change leading to the formation of an ensemble of species competent for self-association, often referred to as amyloidogenic intermediate(s) (black box in Fig. 1 ). In such species, the peptide or protein involved exposes at least part of its main chain and hydrophobic residues to the solvent under conditions in which intermolecular interactions can take place. In the case Textbox 1 of globular proteins, the formation of amyloidogenic intermediates involves the disruption of the native structure to a greater or lesser extent [18] [19] [20] ; in natively unfolded proteins or unstructured peptides, this step may involve the formation of partially folded species with a high propensity to aggregate [21, 22] . The second step is the self-association of the Fig. 1 . Schematic representation of the mechanism of formation of amyloid fibrils and the various types of antibodies that can be produced. The first step in the process of formation of an amyloid fibril (black box) is the formation of an amyloidogenic intermediate via the partial unfolding of the native state (arrow 1) or via partial folding of otherwise naturally unfolded species (arrow 2). The second step is the self-association of the amyloidogenic intermediates, which eventually leads to the formation of amyloid fibrils (red box). The amyloidogenic intermediates have a high tendency to aggregate and become stabilised by the formation of intermolecular b-sheets. Small oligomers are formed initially that act as nuclei to direct the further growth of aggregates (*Here the nucleus is for simplicity shown as a dimer). This growth leads to the formation of higher order oligomers referred to as pre-fibrillar aggregates (PA, sometimes also referred to as amorphous aggregates, micelles or protofibrils). These aggregates convert into protofilaments (P) directly or indirectly, and finally into mature fibrils (F). Such fibrils usually consist of two to six protofilaments that are often twisted around each other to form a rope-like structure as shown in Box 1c. (**According to this scheme, antibodies 3 and 5 also bind to PA species but they are not represented for clarity). amyloidogenic intermediates, which eventually leads to the formation of amyloid fibrils (red box in Fig. 1 ). There is growing evidence, based on studies of various diseaserelated and disease-unrelated proteins that the aggregation process is complex, generally following a nucleation/ polymerisation mechanism [23] and involving a variety of conformational rearrangements and multiple steps of assembly (for reviews see [7, 24] ). The investigation at an atomic level of the structures of the species involved in the formation of amyloid fibrils, and the understanding of the mechanism of the assembly process is technically extremely challenging. First, fibril formation in vivo usually takes place over a period of several years. In order to carry out detailed studies of such processes in vitro, it is therefore necessary to increase considerably the rates at which they occur. For globular proteins, one way of achieving this objective is to employ conditions that favour the formation of at least partially unfolded states, for example low pH values [25] , high temperatures [26] , low to moderate concentrations of strong denaturants [27, 28] , or the presence of organic solvents [13, 29] . Second, the structural characterisation of the various species formed during the process of fibril formation is complicated by their heterogeneity and by their transient or insoluble nature. For example, it is difficult to maintain the species that represent the precursors to high molecular weight aggregates at the high protein concentrations required for NMR studies without extensive aggregation. In addition, the partially unfolded, and hence disordered, nature of these species makes it unlikely that they will by themselves crystallise to allow high resolution X-ray crystallographic experiments to be carried out. The determination of detailed structures of the mature fibrils is also challenging due to their intractable and frequently heterogeneous nature, which again seriously limits the application of the traditional methods of structural biology such as solution NMR spectroscopy and X-ray diffraction techniques. Structural information concerning amyloid fibrils has, however, been obtained from atomic force microscopy (AFM) [30, 31] , FTIR [32, 33] , X-ray fibre diffraction studies [17] , cryoelectron microscopy [34, 35] , hydrogen/deuterium exchange analysed by mass spectrometry and NMR [36] [37] [38] [39] and solid state NMR [40, 41] . Important information about both the structures of the aggregates and the mechanism of their formation has also been obtained by using methods such as limited proteolysis [42, 43] , systematic site-directed mutagenesis [44] [45] [46] , and the analysis of the effects of interactions with specific antibodies. In this review, we focus on the latter technique and show through examples how the use of antibodies, or antibody fragments, can provide unique information concerning the nature of the different steps in amyloid fibril formation described above. In addition we discuss how such species can form the basis for novel strategies to diagnose and treat diseases associated with amyloid formation.
Structural probes

Probes of the structural features of amyloidogenic intermediates
Antibodies can be used in several ways to investigate the structural differences existing between an amyloidogenic intermediate and the native state of a protein of interest. One of these ways is to generate antibodies against diverse epitopes of the native protein (antibodies 1-3 in Fig. 1 ) and then to compare their binding properties before and after the conformational changes that result in the formation of amyloidogenic intermediates [47] . The region(s) of the protein where such changes occur, and those where the native structure is conserved, can then be mapped, at least in outline. Moreover, as partial unfolding is likely to result in the exposure of regions of a protein that are normally buried within the native fold, antibodies raised against epitopes located in such regions (antibodies 4 and 5 in Fig. 1 ) will recognise amyloidogenic intermediates but not the native conformation of the protein. Such an approach can therefore provide information about the structure that is adopted by the region of the protein involved in the unfolding event. In addition, antibodies or antibody fragments specific to amyloidogenic intermediates are of particular interest because such species have been used successfully to co-crystallise unstable or insoluble proteins [48] [49] [50] . Such an approach might therefore provide a unique opportunity to obtain the X-ray structure of an amyloidogenic intermediate. The generation of appropriate antibodies can, however, be challenging because in many cases the amyloidogenic intermediates are only significantly populated under highly destabilising conditions (i.e. high temperature or in the presence of denaturants) that are incompatible with the immunisation procedures required to generate antibodies.
One way to circumvent this particular problem is to generate mutant proteins that are destabilised sufficiently to allow the formation of intermediate species under physiological conditions. For example, a mutant of transthyretin (TTR) has been constructed that has a structure thought to represent the partially misfolded conformation of the precursor for amyloid formation [51] . Through the generation of monoclonal antibodies against this mutant protein, two epitopes have been found that become exposed in the amyloidogenic intermediate of TTR. On this evidence, it has been suggested that the partial denaturation of the strands C and D of TTR, which encompass these epitopes, is a prerequisite to self-aggregation. Another way of generating antibodies against amyloidogenic intermediates is to design, on the basis of available biophysical and biochemical data concerning the amyloidogenic intermediate, peptides that will "mimic" structural features of this species, and then to use such peptides for immunisation. This latter strategy has been used to generate both polyclonal and monoclonal antibodies specific to the pathogenic scrapie form of the prion protein (PrP Sc ) [52, 53] . Using a combination of these approaches, a range of recombinant antibodies has been generated and used to map the conformational changes associated with the formation of PrP Sc [47, [52] [53] [54] [55] [56] [57] or to probe the conformation of the normal cellular form of the prion protein (PrP C ) on the cell-surface [58] .
Probes of structural features of soluble aggregates
A considerable body of experimental evidence suggests that the Alzheimer peptide (Ab) under certain conditions exists in the form of soluble spherical oligomers, which are often described as "protein micelles" or "Ab-derived diffusible ligands (ADDLs)" (for recent reviews see [59, 60] ). Based on this evidence, Kayed et al. [61] generated a molecular mimic in which the C-terminus of the Ab 1-40 peptide was covalently linked to gold particles. The mimic displayed many of the physical properties of ADDLs, but was significantly more stable and therefore could be used as an antigen against which to raise antibodies. Antibodies generated in this way (antibody 6 in Fig. 1 ) were found to recognise Ab-oligomers with a specific range of sizes, but not monomeric Ab or Ab-fibrils. The antibodies appear to bind both the spherical oligomers that are populated at the early stages of the Ab aggregation process and the elongated protofibrillar species that are formed later in the aggregation process. These observations suggest that both spherical and protofibrillar species have at least some structural properties in common. Most remarkably, however, these antibodies also appear to recognise specific soluble oligomers derived from other types of amyloidogenic peptides and proteins, e.g. the prion peptide fragment 106-136, islet amyloid polypeptide, lysozyme, human insulin, and a-synuclein [61] . This finding suggests that the soluble oligomers from different proteins have some common characteristic conformational features regardless of the sequence of the protein that they are derived from. This common structural motif is therefore likely to be based on the peptide backbone rather than on the particular amino acid side chains.
Probes of structural features of mature fibrils
In some cases, it is likely that only certain segments of a polypeptide chain will be involved in the structural core of the fibrils with the remainder of the chain being organised in some other manner at the surface of the amyloid fibril [62] . In other cases, it is probable that most of the polypeptide chain is involved in the core of the fibril, as for example in the case of relatively short peptides [63] . These observations raise the general questions of which portions of a polypeptide sequence are in the cross-b core structure, and of which structure is adopted in regions that are not involved in this core. Studies of antibody binding can provide clues for the answers to such questions. Antibodies specific to the N-terminal sequence of Ab-peptide have been found to inhibit in vitro aggregation and stimulate the disassembly of preformed fibrils leading to the inhibition of their cytotoxicity [64] [65] [66] [67] .
The mechanism by which these antibodies act is not yet clear, but one possibility is that the N-terminal amino acids of Ab are accessible when the peptide is both in its monomeric and its aggregated form; thus antibodies that are directed against this region can both inhibit fibril formation and induce fibril dissociation." This finding is in good agreement with the structural model of Ab-fibrils derived from solid state NMR which suggest that the eight N-terminal residues are not involved in the core structure of the amyloid fibrils [68] . Similarly, antibody binding studies have suggested that the regions corresponding to the residues 27-37 and 101-111 of a-synuclein are exposed to the external environment in the aggregated fibrillar form of this protein [69] .
Recently, monoclonal antibodies that have been produced against Ab-fibrils have been found to bind to amyloid fibrils derived from a variety of proteins, such as TTR, IAPP, b2-microglobulin, and polyglutamine [70] (antibodies 7 and 8 in Fig. 1 ). These antibodies do not, however, bind to the soluble precursors of these fibrils, nor do they bind to other forms of protein aggregates such as bovine collagen, elastin or gelatin. In addition, a monoclonal antibody raised against amyloid proteins extracted from spleens and livers of patients with immunoglobulin light chain-associated amyloidosis, has been reported to recognise ex vivo amyloid fibrils composed of the light chain variable domain, Ab, and other amyloidogenic proteins [71] .
These results suggest that these antibodies recognise a conformational epitope that is characteristic of amyloid fibrils rather than specific polypeptide sequences. One possible contributor to a common amyloid structural epitope might be a unique array of hydrogen-bond donor and acceptor groups from the polypeptide backbone at the edge strands of the b-sheets of the ends of amyloid fibrils (antibody 7 in Fig. 1 ) [70] . Another possibility is that the main chain is involved in some unusual turn or chain reversal within the amyloid structure (antibody 8 in Fig. 1 ) [70, 72] .
Definition of the generic conformational epitope(s) of amyloid fibrils will undoubtedly give unique information about the essential elements of the fibrillar structure. The task of defining the epitopes is, however, challenging because techniques that are usually employed to identify the detailed structures of conformational epitopes of anti-protein antibodies, such as X-ray crystallography, solution NMR or differential chemical modification cannot be easily applied to amyloid fibrils [70, 73] .
Probes of the mechanism of amyloid fibril formation
In addition to enabling the study of the structures of the various species formed during fibril formation, antibodies can also be used to obtain mechanistic information concerning the sequence of events leading to the formation of amyloid fibrils and probe the toxicity of the various species involved.
Elucidation of misfolding events
It has been shown that appropriate monoclonal antibodies can inhibit the aggregation of amyloidogenic peptides and proteins by binding to them in their soluble forms. Antibodies could mediate their inhibitory effect by directly binding to the regions of a peptide or a protein where the conformational changes or the aggregation processes are initiated [64, 74] . It has been shown, however, that they can also act through a more subtle mechanism [28] . Thus, we have recently reported that a single-domain fragment of a camelid antibody (V H H) raised against wild type human lysozyme inhibits the in vitro aggregation of its amyloidogenic variant, D67H (Fig. 2) . This inhibition was found to result from the stabilisation of the native state of the protein, thereby preventing the conformational changes that lead to the formation of the amyloidogenic intermediate and thus its conversion into amyloid fibrils. Remarkably, structural studies reveal that in the lysozyme case, the epitope includes neither the site of mutation nor most residues located in the region of the protein structure that is destabilised by the mutation. Thus, the effects of the binding of the antibody fragment are not simply to mask the entire region of the protein destabilised by the mutation and hence prevent its unfolding from the remainder of the structure. Instead, the binding of the antibody fragment achieves its effect by restoring the structural cooperativity characteristic of the wild type protein that is lost as the result of amyloidogenic mutations. NMR experiments suggest that this phenomenon occurs, at least in part, through the transmission of long-range conformational effects to the interface between the two structural domains of the lysozyme protein. These results show that the use of antibodies can establish in a unique manner the link between the molecular properties of a given protein and its propensity to convert into amyloid fibrils. Indeed, the studies of lysozyme not only strongly support the involvement of partially unfolded species in the initiation of the aggregation events that lead to the formation of amyloid in clinical diseases, but also identify the global cooperativity of their structures as a key property that enables natural proteins to avoid aggregation [75] . Fig. 1 indicates in schematic form the various types of monoclonal antibodies that could be generated to probe aspects of protein aggregation diseases. The use of a panel of antibodies could in principle allow the whole sequence of events that occur during the aggregation process to be deciphered. In the case of TTR for example, the two epitopes that are exposed upon the formation of the amyloidogenic intermediate (see above) are found to be accessible in the fibril Fig. 2 . Probing human lysozyme amyloid formation and inhibition using a camel antibody fragment. Four single-point mutants (I56T, F57I, D67H and W64R) and a double mutation (F57I/T70N) of human lysozyme are associated with systemic amyloid disease [114] [115] [116] . The effects of the D67H mutation on the properties of the lysozyme molecule have been studied at the molecular level using a variety of techniques including pulse labelling hydrogen/deuterium exchange analysed by mass spectrometry and NMR spectroscopy [28, 117] . In the electrospray mass spectra of the D67H variant pulse labelled in the absence of the antibody fragment, two peaks are observed (Panel a), whereas the spectrum of the wild type protein under similar conditions shows a single peak [117] . The additional peak (coloured in yellow) has been shown to result from a locally cooperative unfolding event, identified as the unfolding of the b-domain and the C-helix of the variant protein molecule [117] . From this result, and those of previous studies [18, 117, 118] , a mechanism of fibril formation has been proposed for lysozyme (red box). As a result of its reduced stability and global cooperativity, the D67H variant protein populates transiently a partially unfolded intermediate (species I) in which the three helices that form the core of the a-domain still have native-like structure, whereas the b-domain and the C-helix are substantially disordered. The formation of intermolecular interactions between molecules in this intermediate state is likely to be the origin of the aggregation events that ultimately lead to the formation of amyloid fibrils. In the electrospray mass spectra of the D67H variant pulse labelled in the presence of a camelid antibody fragment, cAb-HuL6, raised against wild type human lysozyme, the D67H variant protein appears as a single peak (Panel b). This result indicates that the locally cooperative unfolding event observed for the lysozyme variant has been suppressed by the presence of the antibody fragment (green box). The binding of the antibody fragment, therefore, restores the stability and the cooperativity characteristic of the wild type protein. Thus, the result of antibody binding is to prevent the ready conversion of the lysozyme variants into their aggregated states (Panel c). These results strongly support the involvement of at least transient partially unfolded species in the initiation of the aggregation events that lead to the formation of amyloid fibrils by globular proteins. NMR and X-ray structural analyses of the complex have suggested a specific mechanism by which the cAb-HuL6 stabilises the native state of the variant through conformational rearrangements at the interface between the two structural domains of the protein (see text). [51] . This finding suggests that these epitopes are not involved in the formation of the core of the fibrils but are rather exposed on their surface. It also indicates that no significant conformational rearrangements occur in this region of the protein during the association process. Monoclonal antibody fragments reacting with different epitopes of PrP C have been reported to inhibit efficiently prion propagation in scrapie prion-infected neuroblasma cells [76] . The inhibitory effect was explained by the antibody binding to PrP C thereby preventing the docking of the PrP Sc template or a cofactor critical for the conversion of the PrP C into PrP Sc [76] . Identification of the epitope of these antibody fragments indicated that the 96-104 and 132-156 regions of the prion protein (PrP) are likely to be critical components of the PrP C -PrP Sc interface.
Elucidation of the mechanism of aggregation
Elucidation of the mechanism of toxicity
Although the link between amyloid formation and disease is now widely accepted, the specific nature of the pathogenic species and the mechanism by which they mediate their toxicity are still the subjects of intense debate. There is growing evidence that early intermediates in the aggregation process that leads to amyloid structures-even from proteins that are not associated with disease-are much more cytotoxic than the mature amyloid fibrils [7, 15, 59] . Moreover, the specific mechanism(s) by which these species appear to mediate their toxic effects is beginning to be understood (for a review see [7] ). The availability of antibodies specific to small soluble aggregates (antibody 6 in Fig. 1 ) therefore enables the role of such species in protein aggregation diseases to be probed in detail [61, 77, 78] . Remarkably, the oligomer-specific generic antibodies have been reported to be capable of protecting cultured cells against the toxicity of aggregates derived from a variety of proteins [61] . This finding strongly supports the idea that small aggregates are cytotoxic and suggests that these species may share a common pathogenic mechanism, probably mediated by common features of their structures [61] .
By using antibodies specific to small soluble aggregates, the presence of such aggregates has been identified in brain sections from transgenic mice models and from sufferers of Alzheimer's disease [61, 77, 78] . The ratio of the amount of this type of aggregate in AD-brains versus control brains has been estimated to be up to 70:1 [78] . Moreover, their distribution is significantly different from that of fibrillar amyloid deposits [61, 77] , perhaps providing an explanation for the fact that the plaque load and the severity of the symptoms are not highly correlated [59] . Finally, in some transgenic mice, vaccination with Ab has prevented the age dependent memory loss characteristic of such animals while only modestly decreasing the amyloid plaque burden, suggesting that the antibodies produced following the vaccination could specifically target the oligomeric species responsible for memory loss [79] . Even more remarkably, a single administration of a monoclonal antibody to Ab has recently been shown rapidly (within hours) to reverse memory impairment in certain learning and memory tasks in transgenic mouse models of Alzheimer's disease without any detectable alteration in the Ab burden, suggesting that this antibody also targets soluble Ab species that are particularly toxic [80] .
Diagnostic and therapeutic reagents
The use of antibodies and their fragments is not restricted to studies of the structures of the various species formed during fibril formation and the mechanism of aggregation, but in addition offers new opportunities for diagnosis and therapeutic reagents for the different types of amyloid diseases.
Diagnostic reagents
Variant Creutzfeldt-Jakob disease (vCJD) is thought to be linked with the consumption of infected beef from animals suffering from bovine spongiform encephalopathy (BSE). In order to prevent contaminated carcasses entering the human food chain, rapid diagnostic tests based on the post-mortem immunological detection of PrP Sc in livestock have been developed [81] . The tests that are commercially available at the present time are not based on the use of antibodies that are specific to PrP Sc . They therefore involve a pre-treatment of the sample prior to measurement, to degrade the soluble PrP C molecules or denature the PrP Sc (see details in Textbox 2). Antibodies have, however, been produced that are reported to bind selectively to PrP Sc [52, 53] ; if the specificity of these antibodies is confirmed they should provide a direct means of identifying PrP Sc in the presence of PrP C . As mentioned above, a general feature of the amyloid diseases is the prolonged period of time before clinical manifestations of the disorder appear. During this preclinical phase, proteins are assumed to misfold, accumulate as aggregates and progressively compromise cellular and tissue function. Presymptomatic and minimally invasive diagnostic approaches are therefore crucial to enhance the chance of success of any possible interventional approach. It has been shown that PrP Sc could be detected in the tongue of a vCJD patient [82] , at preclinical stages in tonsils of sheep infected with scrapie [83] and in human appendices [84] , indicating that lymphoid tissue biopsies could in principle be used for early diagnosis of vCJD. In addition, efforts are currently made to develop tests that can detect PrP Sc in blood where its concentration is 100-1000 times lower than in the brain.
Antibodies may also prove useful for early diagnosis of Alzheimer's disease. After a peripheral administration of a monoclonal antibody to Ab in mice, a rapid increase in plasma Ab was observed that is highly correlated with the amyloid burden in the brain [85] . If a similar phenomenon is observed in humans, such an antibody may be useful for quantifying brain amyloid burden in patients who have been diagnosed with Alzheimer's disease, or even known to be at risk of developing it. Finally, antibodies that bind to the generic epitope(s) of oligomeric aggregates or fibrils such as those described above [61, 70, 71] , may prove to be reagents able to diagnose the whole family of amyloid diseases.
Therapeutic reagents
Recent studies report the success of both active and passive vaccination approaches to slowing and/or reversing the aggregation process, and its pathological consequences, in mouse models of light chain amyloidosis [71] , Alzheimer's disease [77, 79, 80, [86] [87] [88] [89] [90] and mammalian prion diseases [76, [91] [92] [93] . The molecular mechanisms by which antibodies act in a therapeutic manner are just beginning to be understood (for recent reviews see [94] [95] [96] [97] [98] [99] ) (Textbox 3). The favourable results with animal models led to an initial clinical trial, in which AD patients were injected with samples of aggregated Ab-peptide to elicit an immune response. Although some of the patients appeared to be benefiting significantly from the treatment [100] , about 4% of the trial participants developed meningoencephalitis-like inflammation; this phenomenon then resulted in the discontinuation of the trial [101] . Many different antibodies are produced in response to active immunisation with an antigen, and it is possible that some of them exacerbate the neurodegenerative process rather than having beneficial effects. For example it has been recently reported that a specific monoclonal antibody can trigger rapid and extensive apoptosis in hippocampal and cerebellar neurons [102] or cerebral haemorrhage [103] . The mechanisms underlying the potentially adverse effects of amyloid immunotherapy are being very actively investigated and extensive research is under way to develop new vaccination strategies to enable beneficial effects to be achieved without undesirable side effects (for reviews see [94] [95] [96] [97] [98] [99] 104, 105] ). Passive immunisation with antibodies with predetermined effects on amyloid fibril formation/ clearance and toxicity represents an alternative strategy to avoid the potentially damaging side effects of active immunisation [95, 96, 99, 104, 105] . Sequences corresponding of the paratope (i.e. the region of the antibody reacting with the antigen) of such antibodies can be used as lead to the rational design of small-molecule drugs [106] . Textbox 2 Diagnostic tests of BSE. Antibodies specific for PrP Sc are not yet commercially available; the diagnostic tests therefore involve specific pre-treatments to be able to distinguish PrP Sc from ubiquitous PrP C . Two types of tests are currently used:
1. Tests based on the detection of protease resistant forms of PrP: These tests are based on the observation that the C-terminal region of PrP (usually denoted as PrP [27] [28] [29] [30] ) is resistant to a treatment with the proteinase K in PrP Sc but not in PrP C . Thus, the PrP C species is first eliminated from the sample by a proteolytic treatment. The abnormal protease-resistant form of PrP is then detected by an immunometric assay.
2. Conformation-dependent immunoassay: These tests are based on the use of an antibody that is specific to an epitope, which is exposed in PrP C but hidden in PrP Sc . This epitope is, however, also exposed after denaturation of the PrP Sc by heat treatment in the presence of chemical denaturants. The sample is divided into two parts, one of which is denatured. In the untreated sample, the antibody allows the detection of only the PrP C species whereas in the denatured sample, it allows the detection of both PrP C and PrP Sc . The amount of PrP Sc can therefore be determined by quantifying the relative binding of the monoclonal antibody to denatured and native samples.
Textbox 3
Potential mechanisms of action of antibodies in mice models of Alzheimer's disease. -Peripheral sink: The anti-A antibodies bind to the circulating plasma A -peptide, resulting in greater efflux from the brain as a result of the concentration gradient.
-Fibril breakdown: Some antibodies are able to cross the blood-brain barrier and attack amyloid plaques in the brain. The clearance of the plaques occurs through Fc-mediated phagocytosis by microglial cells or/and direct antibody-mediated dissaggregation of fibrils.
-Neutralisation of the "synaptotoxic" A species in the brain. These mechanisms are not mutually exclusive and any number of them may act under a given set of circonstumances, with factors including the epitope, the isotype, and amyloid burden likely to influence the primary mean of action.
Conclusions and future prospects
The main power of the antibody approach is that monoclonal antibodies can in principle be raised against any peptide or protein, and are very specific to the antigen against which they are raised, allowing the identification of different conformational states of proteins. Moreover, the breadth of specificity can be adjusted through judicious choice of antigens and screening procedures. This point is well illustrated by the fact that it is possible to generate monoclonal antibodies either against a generic epitope of mature amyloid fibrils or against an epitope specific to amyloid fibrils derived from a given protein. Another remarkable example is the demonstration that antibodies can be generated that can distinguish between small, soluble aggregates and the mature fibrils. Up to now, however, antibody studies directed at understanding amyloid deposition have only been carried out for diseaserelated peptides and proteins. Extension of its use to the much wider range of peptides and proteins that are unrelated to disease but which can form amyloid fibrils, as well as to specific mutant proteins associated with disease, will undoubtedly lead to further insights into the general mechanism of fibril formation.
Importantly for fundamental mechanistic studies, the biophysical properties of antibodies, such as their stability and affinity, can be adjusted to be compatible with the physicochemical conditions that are most appropriate to study the process of fibril formation in vitro. One way to achieve this is to use antibody engineering techniques, which associate in vitro-generated genetic diversity with selection procedures such as phage, ribosome or RNA display [107] to generate and screen for antibodies that are functional under highly denaturing conditions [108, 109] . In this context, the heavychain camelid antibody fragments appear to be of particular interest. Camelids (camels, dromedaries and llamas) generate functional antibodies consisting only of two heavy chains; the latter also differ from the corresponding regions of conventional antibodies in that they lack the CH1 domain [110] . Since they are devoid of the light chains of conventional antibodies, the antigen binding site of these "heavychain" antibodies is limited to a single-domain, referred to as the V H H domain. Following immunisation, recombinant V H Hs can be isolated, and produced as soluble monomers in E. coli [111] . Biophysical studies have revealed that V H Hs have a number of unique features compared to those of conventional antibody fragments, notably smaller size (M r~1 4,000), greater solubility and higher stability [111, 112] . The latter property is of major importance since, as previously mentioned, significantly denaturating conditions generally need to be used to study the in vitro fibrillogenesis of a protein on a reasonable time scale. Finally, due to their small size, V H Hs may cross the brain-blood barrier more readily to target plaques in the brain, hence making possible in vivo studies relevant to neurodegenerative diseases [113] .
In summary, antibodies raised against a variety of states of a protein allow invaluable information to be obtained about the structures of the various species populated during amyloid fibril formation, and also on the mechanism of assembly that leads to the formation of amyloid deposits in vivo. The use of antibody technology can also give important clues about the nature of the cytotoxic species that are associated with the neurodegenerative diseases in particular. In addition, the use of monoclonal antibodies could be potentially extremely valuable for early diagnosis of amyloid diseases. Moreover, intensive research is being carried out to understand the mechanism of action of antibodies directed against amyloid fibrils or their precursors in vivo. Despite the side effects observed in the recent trial of human Ab immunisation, passive and even active immunisation against a wide range of protein misfolding diseases are undoubtedly highly promising therapeutic strategies that could result in effective clinical treatment in the not-too-distant future [94] [95] [96] [97] [98] [99] .
